The assembly of viral RNA replication complexes on intracellular membranes represents a critical step in the life cycle of positive-strand RNA viruses. We investigated the role of the cellular chaperone heat shock protein 90 (Hsp90) in viral RNA replication complex assembly and function using Flock House virus (FHV), an alphanodavirus whose RNA-dependent RNA polymerase, protein A, is essential for viral RNA replication complex assembly on mitochondrial outer membranes. The Hsp90 chaperone complex transports cellular mitochondrial proteins to the outer mitochondrial membrane import receptors, and thus we hypothesized that Hsp90 may also facilitate FHV RNA replication complex assembly or function. Treatment of FHV-infected Drosophila S2 cells with the Hsp90-specific inhibitor geldanamycin or radicicol potently suppressed the production of infectious virions and the accumulation of protein A and genomic, subgenomic, and template viral RNA. In contrast, geldanamycin did not inhibit the activity of preformed FHV RNA replication complexes. Hsp90 inhibitors also suppressed viral RNA and protein A accumulation in S2 cells expressing an FHV RNA replicon. Furthermore, Hsp90 inhibition with either geldanamycin or RNAi-mediated chaperone downregulation suppressed protein A accumulation in the absence of viral RNA replication. These results identify Hsp90 as a host factor involved in FHV RNA replication and suggest that FHV uses established cellular chaperone pathways to assemble its RNA replication complexes on intracellular membranes.
Studies with numerous positive-strand RNA viruses from different families have demonstrated that viral RNA replication occurs within intracellular membrane-associated macromolecular complexes (1) , suggesting that the host-pathogen interactions that facilitate the formation of these complexes represent crucial determinants of viral pathogenesis. However, the mechanisms whereby viruses direct their RNA replication complex proteins to the appropriate intracellular membrane, and the cellular components involved in this process, are not well understood. An important step in the assembly of viral RNA replication complexes is the intracellular transport of viral proteins and RNA to the appropriate host membrane compartment. Viral RNA replication complex proteins often contain hydrophobic domains that are essential for their membrane association (30, 43, 52) , and thus these viral proteins are susceptible to the same potential folding and aggregation difficulties encountered by cellular proteins with hydrophobic domains (18) . Cellular chaperones that facilitate protein folding and transport have been implicated in the replication of many viruses with diverse genome structures and replication strategies (49) . While some viruses in the Polyomaviridae and Closteroviridae families encode their own viral-specific chaperone proteins, most viruses use the cellular chaperone machinery to complete their replication (49) .
The appropriate folding of cellular proteins is essential for their function and stability and is mediated by a group of ubiquitous cytosolic proteins referred to as molecular chaperones (18) . Many newly synthesized proteins transiently interact with the chaperone heat shock protein 70 (Hsp70) and members of the Hsp40 cochaperone family during initial protein folding (6) . A select group of cellular proteins also use Hsp90 and its associated cochaperones to complete their maturation. Hsp70 and Hsp90 can function together as part of a larger multichaperone complex, which is connected functionally and physically by various cochaperones (38) . The Hsp90 chaperone complex participates in several cellular processes, including vesicle secretion and recycling, protein complex assembly and disassembly, and protein transport. In particular, Hsp90 facilitates mitochondrial preprotein delivery to the outer membrane import receptors in higher eukaryotes (57) .
To study viral RNA replication complex assembly and function we use Flock House virus (FHV), the best-studied member of the Nodaviridae family (4) . FHV is used as a model pathogen to investigate viral capsid formation and genome packaging (44) , viral RNA replication and subgenomic synthesis (24, 27, 39) , virus-mediated RNA interference (RNAi) suppression (26) , and viral RNA replication complex assembly and function (30) (31) (32) 56) , in part due to its robust replication in multiple hosts, including Saccharomyces cerevisiae (27, 30, 32, 39, 40) and Drosophila melanogaster (31) cells. FHV contains one of the smallest known genomes of any animal RNA virus (4) . The 4.5-kb genome is bipartite, with two capped but nonpolyadenylated RNA segments copackaged into a 29-nm nonenveloped icosahedral capsid (47) . The larger 3.1-kb RNA species (RNA1) encodes protein A, the FHV RNA-dependent RNA polymerase (RdRp) (4) . Protein A is both necessary and sufficient for the assembly of functional viral RNA replication complexes (3, 24, 27, 30, 39) . The smaller 1.4-kb RNA species (RNA2) encodes the structural capsid protein, which is essential for virion formation but dispensable for RNA replication (4) . During viral RNA replication, FHV produces a subgenomic 0.4-kb RNA species (RNA3) that is colinear with the 3Ј end of RNA1. RNA3 encodes protein B, which functions as an RNAi suppressor (26) . FHV RNA replication complexes are located on mitochondrial outer membranes in conjunction with 50-to 70-nm membrane-bound spherules in the intermembrane space (31) and are targeted and anchored to mitochondrial outer membranes by protein A via an amino-proximal transmembrane domain and adjacent residues (30, 32) . The protein A mitochondrial membrane targeting signal resembles targeting domains present in cellular mitochondrial proteins (30) , and thus FHV may use established cellular mechanisms to assemble its viral RNA replication complexes.
In this report, we describe the use of pharmacologic and genetic approaches to examine the role of the molecular chaperone Hsp90 in FHV RNA replication in Drosophila S2 cells. We demonstrate that Hsp90 was important for the production of infectious virions and the accumulation of viral RNA and protein A but not for the activity of preformed FHV RNA replication complexes.
MATERIALS AND METHODS
Cells, virus, and infection protocol. We used Drosophila S2 cells grown at 25°C in Schneider's insect medium supplemented with 10% heat-inactivated fetal bovine serum, 10 units penicillin per ml, and 10 g streptomycin per ml, unless otherwise indicated. S2 cells were routinely passed every 3 to 4 days at a 1:5 dilution to maintain high density and vigorous cell proliferation. S2 cells were infected with sucrose-gradient purified FHV at a multiplicity of infection (MOI) of 10.
Initial studies indicated that FHV-infected S2 cells recapitulated key biochemical, cellular, and morphological features of FHV RNA replication complex assembly and function previously demonstrated with Drosophila DL-1 cells (31), including the mitochondrial localization and temporal appearance of functional RNA replication complexes by 4 h postinfection and the presence of 50-to 70-nm membrane-bound spherules connected to the mitochondrial outer membrane (data not shown). FHV infection does not cause cytolysis in S2 cells (47) , and thus we quantitated infectious virions using an immunofluorescence-based assay. Confluent S2 cell monolayers on polyethyleneimine-coated chamber slides were infected with serial virus dilutions, fixed with 4% paraformaldehyde at 18 h postinfection, and immunostained for protein A expression as previously described (31) . We determined the number of infected cell clusters identified by protein A expression in ten randomly chosen microscope fields using a 40ϫ objective and calculated total infectious virions on the basis of chamber slide area.
Antibodies and inhibitors. Rabbit polyclonal antiserum against FHV protein A has been previously described (31) . Rabbit polyclonal antibodies against Hsp60 (SPA-805) and Hsp90 (SPA-846) that cross-react with Drosophila chaperones were from Stressgen Biotechnologies (Victoria, British Columbia, Canada). Rabbit polyclonal antibodies against the influenza virus hemagglutinin (HA) epitope tag were from Santa Cruz Biotechnology (Santa Cruz, CA). Alkaline phosphatase-conjugated anti-digoxigenin Fab fragments were from Roche (Penzberg, Germany), and secondary antibodies for immunoblotting were from Jackson Immunoresearch (West Grove, PA). All inhibitors were from Sigma and stored as concentrated stock solutions at Ϫ20°C. Cerulenin and radicicol were dissolved in ethanol at 50 mM and 5 mM, respectively, geldanamycin was dissolved in dimethyl sulfoxide at 5 mM, and lactacystin was dissolved in water at 10 mM. For all inhibitor studies, control cells were treated with comparable solvent concentrations.
Plasmids. Standard molecular biology procedures were used for all cloning steps. All Cu 2ϩ -inducible plasmids were based on the vector pMT-V5/HisA (Invitrogen, Carlsbad, CA), which contains a metallothionein (MT) promoter and simian virus 40 polyadenylation signal to facilitate regulated transcription and translation in Drosophila S2 cells. To generate the Drosophila FHV RNA1 replicon expression plasmid pS2F1, we inserted the ScaI/BsrGI fragment from pF1 (27, 30, 39) into the MscI/Acc65I site of pMT-V5/HisA. To generate the Drosophila protein A expression vector pS2FA, which encodes protein A with a carboxy-terminal HA epitope tag, we first modified pFA-C/HA (30) by placing an encephalomyocarditis virus internal ribosome entry site sequence upstream of the protein A open-reading frame and then inserted the Acc65I/XhoI fragment from the resultant intermediate plasmid into the Acc65I/XhoI site of pMT-V5/ HisA. To generate the carboxy-terminal HA-tagged ␤-galactosidase expression plasmid pS2LacZ, we inserted the SpeI/AgeI fragment of pMT-V5/His/LacZ (Invitrogen) into the AvrII/BspEI site of pS2FA. The steroid-inducible rat glucocorticoid receptor expression plasmid pS2GR and the glucocorticoid receptorresponsive luciferase expression plasmid pS2GRE-LUC were generously provided by Jorge Iniguez-Lluhi (University of Michigan). We generated the MT promoter-driven luciferase expression plasmid pS2MT-LUC by inserting the BamHI/SalI fragment of pTRE2/hyg-LUC (BD Biosciences, Palo Alto, CA) into the BamHI/XhoI site of pMT-V5/His/LacZ. S2 cell transfection and induction protocols. S2 cells were cultured in 12-well plates at 10 6 cells per well and grown in antibiotic-free media for 12 to 18 h prior to lipid-mediated transfection. We used Cellfectin (Invitrogen) and serum-and antibiotic-free media according to the manufacturer's instructions, and used 2 g expression plasmid and 10 l Cellfectin per well. Cells were incubated for 4 h at 25°C, supplemented with an equal volume of medium containing 10% fetal bovine serum but no antibiotics, and incubated overnight. We induced cells at 24 h after transfection with either 0.5 mM copper sulfate for MT promoterdriven plasmids or 1 M dexamethasone for glucocorticoid receptor-responsive plasmids and harvested cells for RNA or protein expression at 12 h postinduction unless otherwise indicated. For reporter gene assays, we lysed S2 cells in buffer containing 25 mM Tris (pH 7.8), 15 mM MgSO 4 , 4 mM EGTA, and 1% Triton X-100. We assayed ␤-galactosidase activity with o-nitrophenyl-␤-D-galactopyranoside and quantitated the absorbance at 405 nm. We assayed luciferase activity using a luciferase assay system (Promega, Madison, WI) according to the manufacturer's instructions.
For the generation of stably transfected cells, we cotransfected S2 cells with MT promoter-driven expression plasmids and pCoBlast, a selection plasmid that encodes the blasticidin deaminase gene Bsd under control of the constitutive Drosophila copia promoter (Invitrogen). We initiated selection 48 h after transfection with 25 g blasticidin per ml and routinely observed blasticidin-resistant cells by 1 week in culture. We continued selection for an additional 2 to 3 weeks before stably transfected cells were used for induction, treatment, or RNAi experiments. We used heterogeneous cell populations that had been continuously maintained in culture for less than 3 months for induction and treatment experiments, as protein A expression was unstable after prolonged passage.
Immunoblot and Northern blot analyses. Protein samples were prepared and analyzed by immunoblotting as previously described (30, 31) with the following modifications. We used either alkaline phosphatase-or peroxidase-conjugated secondary antibodies and developed immunoblots with Lumi-Phos or SuperSignal West Dura substrates (Pierce, Rockford, IL), respectively. We detected chemiluminescence with an Alpha Innotech Fluorchem 8900 and analyzed images with AlphaEaseFC software. We isolated total RNA from Drosophila S2 cells with TRIzol reagent (Invitrogen), and RNA samples were prepared and analyzed by Northern blotting as previously described (30, 31) with the following modifications. We synthesized strand-specific digoxigenin-labeled riboprobes that corresponded to nucleotides 2718 to 3064 from FHV RNA1 (39) using a Riboprobe in vitro transcription system (Promega) with digoxigenin-11-UTP (Roche) according to the manufacturer's instructions. Membranes were hybridized with digoxigenin-labeled riboprobes at 62°C and washed extensively with a solution containing 0.1% sodium dodecyl sulfate, 15 mM NaCl, and 1.5 mM sodium citrate, and labeled probes were detected with alkaline phosphataseconjugated antidigoxigenin Fab fragments and chemiluminescence as described above.
In vitro and cellular RNA-dependent RNA polymerase (RdRp) assays. A crude replication complex (CRC) membrane fraction containing functional FHV RNA replication complexes was isolated from infected S2 cells at 8 h postinfection, and in vitro RdRp assays were done as previously described (56) with several modifications. Reaction mixtures containing 8 l CRC plus 50 mM Tris (pH 8.0); 50 mM potassium acetate; 15 mM magnesium acetate; 5 g of actinomycin D/ml; 0.5 U of RNAsin/l; 1 mM (each) ATP, GTP, and CTP; 50 M UTP; and 5 Ci 3 H-labeled UTP in a 25-l total volume were incubated for 3 h at 25°C, extracted once with phenol-chloroform, desalted with Bio-Gel P-30 columns (Bio-Rad, Hercules, CA), and separated in 1% nondenaturing agarose gels. After electrophoresis, gels were incubated with Amplify (Amersham Biosciences, Buckinghamshire, England) and 3 H-labeled RNA products were detected by fluorography and quantitated by densitometry.
For metabolic labeling of viral RNA in cellular RdRp assays, we incubated FHV-infected S2 cells at 8 h postinfection with 5 g actinomycin D/ml for 30 min to block cellular RNA polymerase activity, incubated cells with 20 Ci 3 Hlabeled uridine/ml in the presence or absence of inhibitors for 2 h, isolated and separated total RNA in denaturing 1.4% agarose-formaldehyde gels, and detected and quantitated 3 H-labeled RNA product as described above. Double-stranded RNA (dsRNA) production and RNAi protocol. We amplified approximately 700-bp DNA fragments from the 5Ј coding region of the lacZ and Drosophila Hsp83 genes that included the initiator ATG codon by using PCR and primer pairs that incorporated a 5Ј T7 RNA polymerase binding site, which are the underlined regions in the primer sequences below. For lacZ amplification, we used pMT-V5/His/LacZ as a template, the sense primer 5Ј-TAATACGACTCA CTATAGGGATTCTGCAGATCGAAACGA-3Ј, and the antisense primer 5Ј-TAATACGACTCACTATAGGGAAAGCGAGTGGCAACATGG-3Ј. For Hsp83 amplification, we used Drosophila cDNA that was generated from total S2 cellular RNA by reverse transcription with oligo(dT) primers as a template, the sense primer 5Ј-TAATACGACTCACTATAGGGTTTGTAAATCCATTGCA GA-3Ј, and the antisense primer 5Ј-TAATACGACTCACTATAGGGCTCA TCAGTCTCCATCTCC-3Ј. We purified PCR products using a Wizard PCR Clean-up system (Promega) and generated RNA by in vitro transcription using an Ampliscribe T7 High Yield kit (Epicentre Technologies, Madison, WI). The cRNA products were ethanol precipitated, resuspended in water, heated to 65°C for 30 min, and cooled slowly at room temperature to allow dsRNA complexes to form. Final dsRNA products were quantitated by spectrophotometry and analyzed by nondenaturing agarose gel electrophoresis to ensure that the majority of the dsRNA existed as a single band of approximately 700 bp (data not shown). We used RNAi conditions for S2 cells as described by Clemens et al. (11) with the following modifications. We diluted stably transfected S2 cells to 10 6 cells per ml in serum-free Schneider's medium, dispensed 350 l per well into 12-well tissue culture plates, and added 10 g dsRNA per well. Plates were swirled briefly to disperse dsRNA and incubated at 25°C for 1 h, 650 l medium with 10% fetal bovine serum was added per well, and cells were cultured for an additional 48 h to allow maximal depletion of target proteins prior to induction. To determine the functional impact of Hsp90 activity on FHV replication, we examined the effects of Hsp90 inhibitors on virus-infected Drosophila S2 cells. Geldanamycin, a benzoquinone ansamycin, and radicicol, a structurally unrelated antibiotic, are potent and specific inhibitors of Hsp90 activity in vivo and in vitro (34, 42, 45) . We used cerulenin, a fatty acid synthetase inhibitor previously shown to suppress positivestrand RNA virus replication (16, 36) , as a positive control. We chose initial inhibitor concentrations of 50 M cerulenin, 5 M geldanamycin, and 5 M radicicol on the basis of published studies of cultured cells that maximized target inhibition and minimized cellular toxicity (16, 20, 23, 36, 54) . None of the inhibitors significantly reduced S2 cell viability during a 24-h incubation, although both geldanamycin and cerulenin reduced cell proliferation such that by 24 h cell recovery was 50 to 60% of control levels (Fig. 1A) , and thus we routinely analyzed cells at 12 h postinfection unless otherwise indicated.
RESULTS

Hsp90 inhibition suppresses the production of infectious
We initially examined whether Hsp90 inhibition suppressed infectious virion production (Fig. 1B ). Cells were infected with FHV at an MOI of 10 and simultaneously treated with 50 M cerulenin, 5 M geldanamycin, or 5 M radicicol. Infectious virions were harvested at 12 h postinfection, purified by pelleting through sucrose gradients to remove residual inhibitors, and quantitated by an immunofluorescence-based infection assay. Compared to controls treated with vehicle only, the Hsp90 inhibitors geldanamycin and radicicol reduced infectious virion production by more than 2 logs, in similarity to the reduction seen with the fatty acid synthetase inhibitor cerulenin (Fig.  1B) . These results suggested that infectious virion production 
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Hsp90 AND FHV RNA REPLICATION 6829 required, at least in part, a functional Hsp90 chaperone complex. The presence of infectious virions represents the culmination of multiple steps in the viral life cycle. To determine the effects of Hsp90 inhibition on viral replication steps prior to genome encapsidation, maturation, and virion release, we examined FHV RNA and protein A accumulation by quantitative Northern blotting and immunoblotting in infected S2 cells treated with geldanamycin or radicicol (Fig. 2) . Protein A is the essential viral protein required for FHV RNA replication complex assembly, genomic positive-strand RNA1 [(ϩ)RNA1] and subgenomic (ϩ)RNA3 are primary products of RNA replication complex activity, and negative-strand RNA1 [(Ϫ)RNA1] is the template for genomic (ϩ)RNA1 synthesis (4). We observed a significant reduction in the accumulation of protein A, (ϩ)RNA1, (Ϫ)RNA1, and (ϩ)RNA3 in FHV-infected S2 cells treated with cerulenin ( Fig. 2A, lane 3) , geldanamycin ( Fig.  2A, lane 4) , or radicicol ( Fig. 2A, lane 5 ) when inhibitors were added at the time of infection. When compared quantitatively to control infected but untreated cells, the Hsp90 inhibitor geldanamycin reduced protein A, (ϩ)RNA1, (Ϫ)RNA1, and (ϩ)RNA3 accumulation by 95%, 98%, 87%, and 95%, respectively (Fig. 2B ). Similar quantitative results were obtained with Hsp90 inhibitor radicicol and to a lesser degree with the fatty acid synthetase inhibitor cerulenin.
To further examine the potency of geldanamycin with respect to its suppression of FHV RNA and protein A accumulation, we performed titration experiments (Fig. 2C) . We treated infected S2 cells at the time of infection with increasing concentrations of geldanamycin and quantitatively analyzed the accumulation of FHV protein A, (ϩ)RNA1, (Ϫ)RNA1, and (ϩ)RNA3 at 12 h postinfection. Geldanamycin reduced FHV protein A and RNA accumulation by 50% at 14 nM, a 50% inhibitory concentration (IC 50 ) consistent with previous studies of the inhibitory effects of geldanamycin on hepatitis C virus protease activity (54) and vaccinia virus growth (23) in cultured cells. These results indicated that pharmacological inhibition of Hsp90 activity potently suppressed FHV RNA and protein A accumulation in infected Drosophila S2 cells and suggested that Hsp90 was involved in FHV RNA replication complex assembly or function.
We also examined whether delayed treatment experiments altered the suppressive effects of Hsp90 inhibitors on FHV RNA and protein A accumulation. We infected S2 cells as described above but added inhibitors at 4 h postinfection, when functional viral RNA replication complexes had already been assembled (31) . Under these treatment conditions, geldanamycin ( Fig. 2A, lane 6 ) and radicicol ( Fig. 2A, lane 7 ) also reduced protein A and viral RNA accumulation compared to untreated control results ( Fig. 2A, lane 2, and Fig. 2B ). To take into account the estimated levels of preexisting functional viral RNA replication complexes present at 4 h postinfection, we compared (Ϫ)RNA1:(ϩ)RNA1 and protein A:(ϩ)RNA1 ratios (Table 1) . Template (Ϫ)RNA1 and protein A are essential components of FHV RNA replication complexes, whereas (ϩ)RNA1 is a major product of viral RNA replication complex activity. We calculated baseline (Ϫ)RNA1:(ϩ)RNA1 and protein A:(ϩ)RNA1 ratios from infected but untreated cells by dividing the percentages of (Ϫ)RNA1, protein A, or (ϩ)RNA1 present at 4 h postinfection relative to 12 h postinfection. If 7) and harvested at 12 h postinfection. We used cerulenin as a positive control, as this fatty acid synthetase inhibitor has been previously shown to suppress positive-strand RNA virus replication (16, 36) . Total protein or RNA from an equal number of cells was separated by electrophoresis, and protein A (upper blot) was detected by immunoblotting, while (ϩ)RNA1 and (ϩ)RNA3 (third blot) or (Ϫ)RNA1 (fourth blot) was detected by Northern blotting. The Hsp60 immunoblot and rRNA band detected by ethidium bromide staining are shown as loading controls. (B) Quantitative data for FHV protein A, genomic (ϩ)RNA1, template (Ϫ)RNA1, and subgenomic (ϩ)RNA3 accumulation are relative to the control (Fig. 2A, lane 2) and represent the means Ϯ SEM from three experiments. (C) Titration of geldanamycin (GA) effect on FHV protein A and RNA accumulation. Cells were infected and treated with increasing GA concentrations at the time of infection, and viral protein A and RNA accumulation were analyzed at 12 h postinfection as described above. Individual data points represent the mean values from three experiments.
Hsp90 inhibitors had equivalent suppressive effects on both the assembly and function of FHV RNA replication complexes, the (Ϫ)RNA1:(ϩ)RNA1 and protein A:(ϩ)RNA1 ratios from infected cells treated with geldanamycin or radicicol at 4 h postinfection and harvested at 12 h postinfection should be similar to baseline ratios, assuming no significant differences in FHV RNA or preformed functional RNA replication complex stability. In contrast, these ratios would decrease if Hsp90 inhibitors predominantly affected viral RNA replication complex assembly or would increase if the predominant effect was on replication complex function. Treatment with either geldanamycin or radicicol at 4 h postinfection reduced both (Ϫ)RNA1:(ϩ)RNA1 and protein A:(ϩ)RNA1 ratios (Table  1) . These results suggested that the suppressive effects of Hsp90 inhibitors were predominantly on the assembly of functional FHV RNA replication complexes.
Hsp90 inhibition does not suppress FHV RdRp activity in vitro or in cells. Hsp90 is a cytosolic protein (38) , whereas FHV RNA replication complexes localize to mitochondrial membranes (31) . Initial cellular fractionation studies demonstrated that Hsp83, the Drosophila Hsp90-family chaperone (12), did not repartition into the membrane fraction and cosediment with protein A in lysates from FHV-infected S2 cells, suggesting that Hsp90 chaperones were not tightly bound to functional membrane-associated FHV RNA replication complexes (data not shown). However, to specifically examine whether Hsp90 activity was important for preformed FHV RNA replication complex function, we analyzed the effects of geldanamycin on FHV RdRp activity in vitro and in cells (Fig.  3) . Membrane fractions from FHV-infected Drosophila cells contain functional viral RNA replication complexes whose RdRp activity can be measured in vitro (56) . We isolated and incubated membrane fractions from uninfected and FHV-infected S2 cells with 3 H-labeled UTP and analyzed the synthesis of viral dsRNA products by nondenaturing agarose gel electrophoresis and fluorography (Fig. 3A) . No exogenous FHV protein A or RNA templates were added to the RdRp reactions, and thus any in vitro RNA synthesis represented functional preformed viral RNA replication complex activity. We observed no significant suppression of FHV RdRp activity in vitro with up to 50 M geldanamycin (Fig. 3A, lane 4) , a concentration well above levels previously shown to suppress Hsp90 activity in vitro (20, 54, 57) , 10-fold higher than that used in cellular assays ( Fig. 1 and 2) , and approximately 3,500-fold above the IC 50 for geldanamycin and FHV RNA replication in infected cells (Fig. 2C) . In contrast, EDTA efficiently suppressed viral RNA synthesis (Fig. 3, lane 3) , a result consistent with the previously identified dependence of nodavirus RdRp activity on divalent cations (15) .
We also examined the impact of Hsp90 activity on FHV RNA replication complex activity in infected cells using metabolic labeling (Fig. 3B) . We incubated S2 cells at 8 h postinfection with actinomycin D, which inhibits cellular RNA polymerase but not FHV RdRp activity (24) , and subsequently labeled viral RNA by incubation with 3 H-labeled uridine for 2 h in the presence or absence of 5 M geldanamycin, a (Fig. 4C ) and potently suppressed FHV RNA accumulation in infected cells (Fig. 2) . Consistent with the in vitro RdRp results (Fig. 3A) , geldanamycin did not inhibit viral RNA synthesis in FHV-infected cells (Fig. 3B, lane 5) , whereas EDTA significantly reduced the accumulation of 3 H-labeled FHV RNA (Fig. 3B, lane 4) . These results were in marked contrast to the suppressive effects of geldanamycin on FHV RNA accumulation in infected cells (Fig. 2) and suggested that Hsp90 activity was not essential for preformed FHV RNA replication complex function.
Hsp90 inhibition suppresses plasmid-directed FHV RNA replication in S2 cells. The suppressive effects of geldanamycin and radicicol on viral RNA and protein A accumulation in FHV-infected S2 cells (Fig. 2 ) may have been due to disruption of an Hsp90-dependent process related to viral attachment, entry, or uncoating. To specifically examine viral RNA replication in the absence of infectious virions, we developed a plasmid-based replicon system for FHV RNA1 replication and protein A expression in Drosophila S2 cells (Fig. 4A ) that was similar to the system used to study FHV RNA replication in S. cerevisiae (27, 30, 32, 39) . The Drosophila expression system (Invitrogen) is designed for inducible metallothionein (MT) promoter-driven gene expression in either transiently or stably transfected S2 cells. Transient transfection of S2 cells with the wild-type RNA1 expression plasmid pS2F1 resulted in the accumulation of protein A, (ϩ)RNA1, and (ϩ)RNA3 after Cu 2ϩ induction (Fig. 4B, lane 2) . We induced with 0.5 mM Cu 2ϩ to prevent the heavy metal-induced heat shock response previously described for Cu 2ϩ concentrations greater than 1 mM in cultured Drosophila cells (7) . Cellular fractionation and confocal immunofluorescence microscopy studies indicated that protein A was membrane associated and localized to mitochondria in pS2F1-transfected cells (data not shown) similarly to FHV-infected Drosophila cells (31) and yeast expressing an FHV RNA1 replicon (30) .
To examine whether Hsp90 inhibition suppressed viral RNA replication in S2 cells expressing an FHV RNA1 replicon, we transiently transfected cells with pS2F1 or empty vector, induced with Cu 2ϩ in the presence of 50 M cerulenin, 5 M geldanamycin, or 5 M radicicol, and analyzed FHV RNA and protein A expression 12 h postinduction (Fig. 4B) . In similarity to findings obtained with FHV-infected S2 cells (Fig. 2) , we observed a reduction in the accumulation of protein A, (ϩ)RNA1, and (ϩ)RNA3 in pS2F1-transfected S2 cells treated with cerulenin (Fig. 4B, lane 3) , geldanamycin (Fig. 4B,  lane 4) , or radicicol (Fig. 4B, lane 5) . The approximately 90% reduction in protein A accumulation in pS2F1-transfected cells treated with Hsp90 inhibitors was consistent with the quantitative results obtained with FHV-infected S2 cells (Fig. 2B) . In contrast, the 60 to 70% reduction in subgenomic (ϩ)RNA3 accumulation was less than that observed in infected cells ( Fig. 2A, lane 2 ). An increased (ϩ)RNA3: (ϩ)RNA1 ratio relative to that observed in virus-infected cells has previously been observed in both yeast and Drosophila DL-1 cells expressing FHV RNA1 replicons (27, 39, 40) and is likely related to the absence of RNA2-mediated suppression of subgenomic RNA3 synthesis (4). An alternative explanation for the apparent reduced suppressive effects of Hsp90 inhibitors on FHV RNA replication in pS2F1-transfected cells was leaky MT promoter activity and the formation of functional viral RNA replication complexes before Hsp90 inhibitor addition, as we induced cells in the presence of inhibitors 24 h after transient transfection to reduce any potential confounding effects of Hsp90 inhibition on transfection efficiency.
We examined whether the suppressive effects of Hsp90 inhibition on FHV RNA replication in pS2F1-transfected cells was due to suppression of MT promoter activity or to a general suppression of plasmid-directed transcription or translation (Fig. 4C) . As a positive control, we used a luciferase reporter gene under the control of an Hsp90-dependent glucocorticoid receptor-responsive promoter (37) and found that 5 M geldanamycin reduced dexamethasone-induced luciferase activity by 90% (Fig. 4C, left bars) . In S2 cells transfected with a plasmid encoding an MT promoter-driven luciferase reporter gene, geldanamycin also suppressed Cu 2ϩ -induced luciferase activity, although to a lesser degree than in the positive control (Fig. 4C, middle bars) . However, the moderate suppression of luciferase activity by geldanamycin may have been due to a direct effect on reporter gene activity rather than MT promoter suppression, as Hsp90 can stabilize luciferase in vitro (51) . Consistent with this hypothesis, geldanamycin did not suppress MT promoter-driven ␤-galactosidase activity (Fig. 4C, right  bars) . These results indicated that most, if not all, of the inhibitory effects of geldanamycin in pS2F1-transfected cells (Fig. 4B) were due to specific suppression of viral RNA and protein A accumulation. Thus, together with the in vitro and cellular RdRp activity results (Fig. 3) , the results with FHV RNA1 replicons suggested that Hsp90 functioned at a step in viral RNA replication between the initial release of virion RNA and the assembly of functional viral RNA replication complexes.
Hsp90 inhibition suppresses FHV protein A accumulation in the absence of viral RNA replication. Protein A is the essential viral protein for FHV RNA replication complex assembly and function and is a potential target for the suppressive effects of Hsp90 inhibitors. Thus, we examined whether Hsp90 inhibition reduced protein A accumulation in the absence of viral RNA replication. To better control transfection efficiency, eliminate potential confounding effects of transient transfection on Hsp90 expression and activity, and facilitate the RNAi studies described below, we generated S2 cells stably transfected with an MT promoter-driven protein A expression plasmid. This plasmid, pS2FA, resembles the yeast protein A expression plasmid pFA (27, 30, 32, 39) , where the FHV RNA1 5Ј and 3Ј nontranslated regions were modified to improve its translation efficiency but disrupt its function as a replication template. We also incorporated a carboxy-terminal HA epitope tag into pS2FA and a control MT promoter-driven ␤-galactosidase expression vector, pS2LacZ, to facilitate immunodetection. Carboxy-terminal epitope tags do not disrupt protein A expression, intracellular localization, or RdRp function (30, 32) . We cotransfected S2 cells with pS2FA or pS2LacZ and the selection plasmid pCoBlast and grew cells for at least 3 weeks in the presence of blasticidin to select resistant cells. Preliminary experiments with S2 cells stably transfected with pS2FA showed the accumulation of protein A but not template (Ϫ)RNA1 or subgenomic (ϩ)RNA3 and also revealed that protein A was membrane associated and localized to mitochondria (data not shown), in similarity to results obtained with yeast transformed with pFA (27, 39) . Titration experiments demonstrated that protein A accumulation in S2 cells stably transfected with pS2FA peaked at 24 h after induc- three experiments. The potent suppression of protein A accumulation by the fatty acid synthetase inhibitor cerulenin in pS2F1-transfected cells (lane 3) was in contrast to its moderate suppression of protein A accumulation in FHV-infected cells (Fig. 2A, lane 3 ) and may reflect a differential effect of cerulenin on the translation of FHV RNA1 derived from cytosolic virions versus plasmid-derived nuclear transcripts. (C) Metallothionein (MT) promoter-or glucocorticoid receptor responsive (GRE) promoter-driven luciferase (LUC) or ␤-galactosidase (LacZ) activity in transiently transfected S2 cells in the absence (black bars) or presence (gray bars) of 5 M geldanamycin (GA). To control for transfection efficiency, cells were transfected with individual reporter plasmids as a single culture as described above. Results are the means Ϯ SEM from three experiments and are expressed as percentages of control reporter gene activity, where activity in the absence of geldanamycin was set at 100%.
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on September 8, 2017 by guest http://jvi.asm.org/ tion with 0.5 mM Cu 2ϩ (data not shown), but due to the inhibitory effects of geldanamycin on cell proliferation by 24 h in culture (Fig. 1B) , we analyzed pS2FA-transfected cells at 12 h postinduction similarly to experiments with FHV-infected ( Fig. 2 ) and pS2F1-transfected (Fig. 4) cells.
We initially examined the impact of Hsp90 inhibition with geldanamycin on protein A or ␤-galactosidase accumulation in cells stably transfected with pS2FA or pS2LacZ, respectively (Fig. 5A) . Geldanamycin reduced Cu 2ϩ -induced protein A accumulation in a dose-dependent manner (Fig. 5A, top blot) but had no effect on ␤-galactosidase accumulation (Fig. 5A, bottom blot) . The estimated IC 50 for geldanamycin and protein A accumulation in pS2FA-transfected cells was 40 nM, similar to the IC 50 for geldanamycin and the accumulation of protein A and RNA in FHV-infected S2 cells (Fig. 2C) . We consistently observed residual protein A accumulation even with high geldanamycin concentrations (Fig. 5A, top blot, lanes 3 to 5) , suggesting that either the concentrations of inhibitor used in these experiments did not completely suppress Hsp90 activity or that the accumulation of a small fraction of protein A was Hsp90 independent. We did not detect Cu 2ϩ -independent protein A expression in cells stably transfected with pS2FA (Fig.  5A , top blot, lane 1), suggesting that residual protein A accumulation was not due to leaky MT promoter activity.
Several cellular proteins whose maturation and function depend on Hsp90 activity are retargeted to the proteasome for degradation in the presence of Hsp90 inhibitors (5, 28, 46, 55) . Thus, we examined protein A accumulation in pS2FA-transfected cells treated with both geldanamycin and the proteasome inhibitor lactacystin (25) at the time of induction (Fig.  5B) . Lactacystin partially attenuated the suppressive effect of geldanamycin on protein A accumulation in a dose-dependent manner (Fig. 5B, lanes 4 and 5) . These results indicated that Hsp90 activity was important for protein A accumulation in the absence of viral RNA replication and suggested that the impact of Hsp90 inhibition on FHV RNA accumulation ( Fig. 2  and 4 ) was due in part to suppression of replication complex assembly, potentially via premature proteasome-mediated degradation of protein A.
RNAi-mediated Hsp83 downregulation suppresses FHV protein A accumulation. The specificity of geldanamycin and radicicol for Hsp90 (34, 42, 45) facilitates the study of Hsp90-dependent cellular pathways. However, to independently confirm the role of Hsp90 in FHV protein A accumulation in S2 cells using a genetic approach that did not rely on pharmacological inhibitors, we used RNAi to selectively downregulate the expression of the Drosophila Hsp90-family chaperone Hsp83 (12) (Fig. 6) . Drosophila cells are particularly susceptible to RNAi (9) , and this approach has been previously used to downregulate Hsp83 expression in S2 cells (29) , despite its essential function and relatively high abundance in the cytosol (38) . We generated 700-bp dsRNA products corresponding to the 5Ј coding sequence of Hsp83 or control lacZ, which we used in RNAi experiments with S2 cells stably transfected with pS2LacZ or pS2FA. FHV subgenomic RNA3 and hence protein B are not produced in S2 cells transfected with pS2FA, and thus we avoided the potential confounding effects of protein B-mediated RNAi suppression (26) . Initial experiments demonstrated that 48 h was the optimal time period for maximal RNAi-mediated Hsp83 suppression (data not shown), (Fig. 6B, lane 1) . consistent with previous observations (29) . Cells stably transfected with pS2LacZ and treated with Hsp83 dsRNA showed a specific 70 to 80% reduction in Hsp83 accumulation (Fig. 6A , lane 4), whereas treatment with control lacZ dsRNA suppressed only ␤-galactosidase expression after induction (Fig.  6A, lane 3) . In cells stably transfected with pS2FA, Hsp83 dsRNA suppressed protein A accumulation in a dose-dependent manner (Fig. 6B, lanes 4 to 7) , whereas lacZ dsRNA had minimal effect (Fig. 6B, lane 3) . When examined quantitatively, there was a significant correlation (R ϭ 0.796; P Ͻ 0.002) between Hsp83 and protein A accumulation (Fig. 6C) . These results supported the Hsp90 inhibitor studies (Fig. 5) and confirmed the role of Hsp90 chaperones in FHV protein A accumulation in Drosophila cells.
DISCUSSION
In this study, we investigated the role of the molecular chaperone Hsp90 in FHV RNA replication in Drosophila S2 cells. On the basis of these experiments, we drew three main conclusions. First, pharmacological inhibitors of Hsp90 activity potently suppressed the production of infectious virions, and the accumulation of viral RNA and protein A in FHV-infected cells, but did not significantly affect the activity of preformed FHV RNA replication complexes in vitro or in cells. Second, Hsp90 inhibition suppressed viral RNA and protein A accumulation in cells expressing an FHV RNA1 replicon. Third, either pharmacologic inhibition of Hsp90 activity or RNAimediated chaperone downregulation suppressed FHV protein A accumulation in the absence of viral RNA replication. These observations identify Hsp90 as a cellular host factor important for FHV replication in Drosophila cells and suggest that molecular chaperones participate in the assembly of FHV RNA replication complexes.
The identification of Hsp90 as a host factor involved in FHV RNA replication is consistent with previous studies on the impact of this cellular chaperone on viral replication and pathogenesis. In particular, Hsp90 has been shown to facilitate vaccinia virus replication (23), hepatitis C virus protease maturation (54), influenza virus RNA synthesis (33) , and hepatitis B virus (HBV) reverse transcriptase activity (20) (21) (22) . However, Hsp90 appears to participate at different stages in the viral life cycle of specific viruses. Geldanamycin inhibits vaccinia virus growth, DNA replication, and intermediate gene transcription in cultured cells through an undefined mechanism, although the association of Hsp90 and the vaccinia virus 4a core protein suggests a role in either viral core uncoating or intracellular transport of incoming cores (23) . For hepatitis C virus, Hsp90 physically interacts with the nonstructural 2/3 (NS2/3) protease, and Hsp90 inhibitors disrupt the NS2/3-mediated proteolytic cleavage necessary for NS3 release (54) . However, the significance of this observation in the context of hepatitis C virus replication within cells is unknown. Similarly, although Hsp90 physically interacts with influenza virus RNA polymerase and stimulates its activity in vitro (33) , the impact of Hsp90 on influenza virus replication in infected cells in also unknown. In contrast, Hsp90 has been shown to facilitate HBV replication within cells (20) , and the mechanism whereby Hsp90 impacts HBV replication has been studied in detail. Hsp90 physically mediates the interactions between the HBV reverse transcriptase and a specific pregenomic viral RNA signal, a step that is essential for the protein-primed initiation of reverse transcription and the assembly of replication-competent nucleocapsids (20, 22) . A similar mechanism is possible with FHV, where Hsp90 could mediate the interactions between protein A and a viral RNA template to facilitate replication complex assembly. However, Hsp90 inhibition suppressed protein A accumulation in the absence of viral RNA replication ( Fig. 5 and 6 ), suggesting that Hsp90 could facilitate a template-independent step in FHV RNA replication complex assembly. The observations that proteasome inhibition partially attenuated the suppressive effect of geldanamycin on protein A accumulation (Fig. 5B) , and that preformed FHV RNA replication complex activity was not geldanamycin sensitive (Fig. 3) , suggest that Hsp90 activity is important for protein A stability during replication complex assembly. Preliminary results indicate that protein A expressed in the absence of viral RNA replication and Hsp90 inhibition was stable for at least 20 h in S2 cells (K. Stapleford and D. Miller, unpublished data), consistent with previous observations of nodavirus RNA polymerase stability in infected cells (13) . Since the predominant fraction of protein A is membrane associated within cells (31) , protein A stability may depend on Hsp90 chaperone complex activity prior to membrane association. However, our results do not exclude a role for Hsp90 in FHV RNA replication complex turnover, although the cellular RdRp activity results suggested that geldanamycin did not promote the rapid degradation of functional viral RNA replication complexes (Fig.  3B) . Studies are in progress to specifically examine the impact of Hsp90 on defined stages of FHV RNA replication complex assembly, such as protein A synthesis, degradation, intracellular trafficking, and membrane association.
The Hsp90 chaperone complex normally mediates the maturation of a select group of cellular proteins, termed client proteins, many of which function as key regulators of cell growth, differentiation, and death (38) . The best-studied examples of Hsp90-client proteins are the steroid receptors, where the Hsp90 chaperone complex maintains cytosolic receptors in a ligand-accessible conformation (38) . In addition, Hsp90 has been shown to facilitate the maturation and intracellular targeting of several membrane proteins, including the Src-kinase p56 lck (5), the epidermal growth factor receptor (50) , and the cystic fibrosis transmembrane conductance regulator (28) . The intrinsic ATPase activity of Hsp90 is essential for its chaperone function (35) , and the Hsp90-specific inhibitors geldanamycin and radicicol bind to the amino-terminal ATP/ADP-binding domain of Hsp90 to disrupt its enzymatic activity (42) . In the presence of pharmacological inhibitors, Hsp90 client proteins are redirected to the proteasome for degradation (5, 28, 46, 55) . Our results are consistent with a model whereby Hsp90 facilitates FHV RNA replication complex assembly via a direct but transient physical interaction with protein A, in similarity to other client proteins (38) . However, we cannot exclude an indirect mechanism whereby Hsp90 inhibition disrupts the maturation or function of a cellular protein necessary for FHV RNA replication complex assembly in Drosophila cells.
Mitochondrial proteins are inserted into the outer membrane or imported into the intermembrane space or matrix posttranslationally (53) , in contrast to the cotranslational in- 
